As an important group of green leaf volatiles (GLVs), C6 hexenyl esters, are found to be widely emitted into the atmosphere by plants and vegetation, especially when they suffer mechanical damage. It is indispensable to understand their atmospheric fate for environmental assessment and model simulation. In this paper, the rate constants for reactions of O 3 with four cis-3-hexenyl esters have been measured using an absolute method in a flow tube reactor at 298 K and atmospheric pressure. The measured rate constants (in 10 À17 cm 3 per molecule per s) were 4.06 AE 0.66 for cis-3-hexenyl formate, 5.77 AE 0.70 for cis-3-hexenyl acetate, 7.62 AE 0.88 for cis-3-hexenyl propionate, and 12.34 AE 1.59 for cis-3-hexenyl butyrate, respectively. Theoretical calculations were also carried out for the title reactions to better understand their kinetics and mechanism using density functional theory (DFT) and transition state theory (TST). Geometry 
Introduction
Large quantities of volatile organic compounds (VOCs) are emitted directly into the atmosphere from biogenic and anthropogenic sources, of which biogenic volatile organic compounds (BVOCs) account for about 90% estimated on a global basis.
1,2 Because of their relatively high atmospheric reactivity, BVOCs are believed to play a central role in determining atmospheric composition and the oxidizing capacity of the atmosphere. [3] [4] [5] Many studies have found great discrepancy between measured and simulated OH concentration, total OH reactivity and also the production of ozone. [6] [7] [8] In addition to the uncertainty in the understanding of VOC emissions, the lack of systematic understanding of the reaction process of identied VOCs is also an important reason for this discrepancy. Thus, it is very important to thoroughly study the reaction processes, including atmospheric degradation mechanisms, and kinetic information, for all the VOCs emitted into the atmosphere.
Green leaf volatiles (GLVs) are one of the most important groups of BVOCs, represented by a series of C5 and C6 oxygenated hydrocarbons. They are produced within plant cells through biochemical conversion of some fatty acid, and emitted into the atmosphere by vegetation during the developmental processes or in response to external stress. 9, 10 As an important class of components, C6 hexenyl esters have been extensively detected. For example, many studies have shown that cis-3-hexenyl acetate is one of the major components of vegetation emissions, [11] [12] [13] [14] and sometimes accounts for more than 40% of the total emissions. 15, 16 It has also been demonstrated as the predominant wound-inducible volatile signal that mediates indirect defense responses by directing tritrophic (plant-herbivore-natural enemy) interactions. 17 Besides cis-3-hexenyl acetate, other C6 hexenyl esters have also been recognized to contribute a signi-cant fraction to the total BVOC ux, such as cis-3-hexenyl formate, cis-3-hexenyl butyrate and cis-3-hexenyl isovalerate.
18-20
Although reaction with OH may be the dominant degradation pathway for these esters in the atmosphere, reaction with O 3 may also play an important role, especially in polluted areas. 
21,22
In this work, we have studied the reaction kinetics of O 3 with four cis-3-hexenyl esters (cis-3-hexenyl formate, cis-3-hexenyl acetate, cis-3-hexenyl propionate and cis-3-hexenyl butyrate) and isoprene using experimental methods in a ow tube reactor as well as using theoretical methods. As far as we know, there are still no kinetic data for the O 3 reactions with cis-3-hexenyl formate, cis-3-hexenyl propionate and cis-3-hexenyl butyrate in the literature. Thus, this work provides the rst kinetic study for these reactions. The results can help to evaluate the lifetime, main removal pathways and inuence area of these esters in the atmosphere and can also be used as input data of atmospheric chemical models for more accurate air quality predictions.
Experimental and theoretical methods

Experimental
Experiments were carried out in a coaxial double-tube ow reactor. The outer tube (i.d. 36 mm, length 100 cm) was for the VOC ow. The inner (i.d. 4 mm, length 120 cm) was for the O 3 ow, which was movable along a range of axial positions. The end of the inner tube was designed with a series of small emitting holes to allow the reagent ows from the inner and the outer tubes better mixed. The schematic diagram of the experimental setup and gas ow is shown in Fig. S1 in the (ESI †).
Clean zero air was used as bath gas, which was generated from a zero air generator (AADCO, 737-15). O 3 was generated via electrical discharge by an ozone generator (COM-AD-01, ANSEROS, Germany). A known amount of the liquid VOC reagent was injected into a heated three-necked ask with microsyringe and ushed into a Teon bag by zero air to obtain certain concentration of VOCs. A sampling pump (GM-1.0A, Jinteng Experimental Equipment Co., Ltd.) operated at the central outlet of the reactor draws forward the gas ow through the reactor. The O 3 ow and VOC ow were set at about 0.5 L min À1 and 1.6 L min
À1
, respectively, by mass ow controllers (MFC, D08-8C, Beijing Sevenstar Electronics). Thus, the initial concentration of the VOC in the ow reactor could be calculated from its original concentration in the Teon bag and the ow rates of both the O 3 and VOC ow in the reactor. An ozone analyzer (Model 49i, Thermo Scientic) was used to measure the concentration of O 3 at the end of the reactor tube. The reaction time was varied in the range of 0-25 s by adjusting the position of the inner tube relatively to the sampling point (0-80 cm). In our experimental conditions, the Reynolds number calculated was $90 with the linear ow velocity at $3.44 cm s À1 , corresponding to a laminar ow. Experiments were conducted at a total pressure of 760 Torr and room temperature (298 AE 2 K) with the relative humidity #5%. The rate constants were measured under pseudo-rst-order conditions with the range of [VOC] 0 / [O 3 ] 0 at about 100-500, which had been used in our previous works. 23, 24 The temporal prole of [O 3 ] can be given as: The VOC reagents involved in this work included isoprene and a series of cis-3-hexenyl esters. The sources and their stated purity levels were as follows: cis-3-hexenyl formate (97%), cis-3-hexenyl acetate (98%), cis-3-hexenyl propionate (98%), cis-3-hexenyl butyrate (98%), Adamas Reagent Co., Ltd.; isoprene (99%), Alfa Asaer Co., Ltd. Cyclohexane ($99.5%) was also used in some experiments as OH radical scavenger, which was from Sinopharm chemical reagent Co., Ltd.
Theoretical calculations
The reactions of cis-3-hexenyl formate, cis-3-hexenyl acetate, cis-3-hexenyl propionate and cis-3-hexenyl butyrate with O 3 have been described at the density functional theory (DFT) level, employing the BHandHLYP functional and the 6-311+G(d,p) basis sets. Geometry optimizations, energies and the harmonic vibrational frequencies calculations were performed for all of the stationary points at the BHandHLYP/6-311+G(d,p) level of theory. Each local minimum has all positive frequencies and each transition state (TS) has one imaginary frequency. In addition, the connection between each minimum and the corresponding transition state (TS) was conrmed with intrinsic reaction path (IRC) method calculations. 25 Quantum chemical calculations were performed with the Gaussian 09 program. 26 The reaction rate constants were calculated using multiconformer transition state theory (MC-TST) as the reactions involve multiple conformers. 27 For example, it includes two conformers (cis and trans) of the reactant and eight conformers of the transition state (TS1-TS8) in the reaction of cis-3-hexenyl formate with O 3 .
Results and discussion
Absolute rate constant measurements
The initial concentrations used in the reactions were (0.74-2.58) Â 10 12 molecule per cm 3 for O 3 and (1.51-6.51) Â 10 14 molecule per cm 3 for cis-3-hexenyl esters. In the absence of O 3 , the wall loss of the cis-3-hexenyl esters in the ow tube was rst measured using a gas chromatography-ame ionization detector (GC-FID, 7820A, Agilent Technologies), which was showed to be negligible. Moreover, the GC-measured concentration of the studied esters in the reactor was very consistent with the concentration calculated based on its original concentration in the Teon bag and the ow rates in the reactor. Thus, the calculated initial concentrations were used in the following experiments. It is well known that OH radicals could be produced in the ozone reactions with unsaturated VOCs, [28] [29] [30] which would cause possible change in the VOC concentration. Thus, comparative experiments with and without cyclohexane as OH scavenger were conducted, and no signicant difference was found in the rate constants. Fig. S2 † gives one example of comparative experiments in the reaction of O 3 with cis-3-hexenyl acetate. Actually, since the initial concentration of the esters was in large excess than O 3 , it would almost not change during the reaction. So that loss of the esters caused by reaction with OH radicals would have a negligible effect on the experiments.
To validate the setup and the methods, rate constant for the reaction of O 3 with isoprene was at rst measured, which has been widely studied in the literatures. 31, 32 The initial concentrations of isoprene used were in the range of (5. Then, reactions of O 3 with four cis-3-hexenyl esters, cis-3-hexenyl formate, cis-3-hexenyl acetate, cis-3-hexenyl propionate and cis-3-hexenyl butyrate, were studied. Fig. 2 shows one group of the typical pseudo-rst-order plots for O 3 reactions with different concentrations of cis-3-hexenyl acetate. Pseudo-rst-order plots for other esters studied are given in Fig. S4 -S6 in ESI. † In the ow reactor, the pseudo-rst-order rate constants obtained may be subject to diffusion processes. [33] [34] [35] So corrections were made to the experimentally obtained k 0 values considering the axial and radial diffusion of O 3 by:
where k 0 exp is the experimentally obtained pseudo-rst-order rate constants (s À1 ), r is the reactor radius (cm), n is the average linear velocity (cm s À1 ), D is the molecular diffusion coefficient of O 3 in air which was estimated to be 0.169 cm 2 s
À1
at 298 K and 760 torr. 36 The nal correction factor for k 0 exp was in the range of 1.01-1.03, which indicated that the inuence of diffusion could be negligible in this work. To be accurate, k 0 corrected were still used.
Plotting k 0 corrected against the initial ester concentrations yields the second order rate constant. Plots for four studied esters are shown in Fig. 3 , all of which showed good linearity. As a result, the acquired rate constants for the studied reactions are as follows, with the errors including 2s from the least-square tting and a systematic error estimated $10% which was believed to include errors from the measurement of [O 3 ], the initial concentration calculation of the esters, the ow measurement in the reactor, and some other possible errors. 
Reaction mechanism and theoretical rate constants
The O 3 reactions with unsaturated compounds are initiated by the 1,3-dipolar addition of O 3 to the C]C bond through a transition state (TS), which leads to the production of a primary ozonide (POZ). 24,37,38 Scheme 1 illustrates the mechanism of cis-3-hexenyl formate with O 3 . Structures of the reactants, the transition states (TS) and the primary ozonide for the reaction of O 3 with cis-3-hexenyl formate are given in Fig. 4 , and those for other esters are given in Fig. S7-S9 . † There are two conformers (cis and trans) of the reactant for the cis-3-hexenyl formate, cis-3-hexenyl acetate, cis-3-hexenyl propionate and cis-3-hexenyl butyrate, respectively. Eight transition states, TS1-TS8, were identied associated with the production of the primary ozonides (POZ1-POZ8) from each unsaturated ester ozonolysis reactions. The potential energy surface for the reaction pathways are presented in Fig. 5 and S10-S12 † at the BH&HLYP/6-311+G(d,p) level of theory. All of the ozone addition reactions are highly exothermic, with the reaction energies more than 270 kJ mol À1 .
Rate constants including tunneling at 298 K for each unsaturated ester were calculated. There are several methods for tunneling corrections. [39] [40] [41] In this work, Eckart tunneling 42 was used, which has been performed on the TheRate program.
43
The rate constant is expressed as
where s is the symmetry factor, k is the tunneling factor (Eckart tunneling correction), k B and h are the Boltzmann and Planck constants, respectively, Q ‡ TS is the partition function of the transition state, Q R1 and Q R2 are the partition functions of the reactants (R), and DE ‡ is the barrier height of the reaction. This method has been extensively utilized in the atmospheric reactions.
44-47
The calculated rate constants for the reactions of ozone with each unsaturated ester are 6. 
Reactivity trends
As mentioned above, the reaction of ozone with unsaturated VOCs begins with the electrophilic addition of ozone to the carbon-carbon double bond. Thus, the factors that affect the electronic density on the double bond will also affect the reactivity of unsaturated VOCs toward ozone. Table 1 shows the rate constants for the reactions studied in this work and those for reactions of several compounds with similar structures in the literature. It can be seen that, the rate constants for the four studied cis-3-hexenyl esters are all smaller than that of cis-3-hexene, reecting the electron-withdrawing effect of the -OC(O)R function group. And the rate constants toward O 3 increase with the length of R group (R from H, CH 3 , CH 2 CH 3 to CH 2 CH 2 CH 3 ). The theoretical calculation results show similar reactivity trend, i.e., the reaction rate increases from cis-3-hexenyl formate to cis-3-hexenyl butyrate. When the ester group is separated from the C]C double bond by CH 2 group, comparing vinyl acetate with cis-3-hexenyl acetate, and vinyl propionate with cis-3-hexenyl propionate in Table 1 , the electron-withdrawing inuence of the ester group on the reactivity reduced, and the rate constants increased by more than 10 times, from 10 À18 cm 3 per molecule per s to 10 À17 cm 3 per molecule per s. Obviously, the farther the distance between the ester group and the C]C bond, the smaller the inuence of the ester group on the reactivity and the greater the reaction rate constants. For vinyl acetate, cis-2-hexenyl acetate (one CH 2 group between the ester group and C]C bond) and cis-3-hexenyl acetate (two CH 2 groups between the ester group and C]C bond), the rate constants increased from 3.0 Â 10 À18 cm 3 per molecule per s to 2.50 Â 10 À17 and 5.77 Â 10 À17 cm 3 per molecule per s, respectively. For the cis-3-hexenyl compounds, the reactivity toward O 3 also varies with the nature of the substituent. Table 1 compares the reactivity of cis-3-hexene, cis-3-hexen-1-ol (replacing -CH 3 by -CH 2 OH), cis-3-hexenyl formate (replacing -CH 3 by -CH 2 OC(O)H) and cis-3-hexenal (replacing -CH 3 by -C(O)H), with the rate constants at 14.4 Â 10 À17 , 5.47 Â 10 À17 , 4.06 Â 10 À17 and 3.5 Â 10 À17 cm 3 per molecule per s, respectively, indicating the relative magnitude of electron-withdrawing effect of these substituents in the order
The rate constants of cis-3-hexenyl acetate, cis-3-hexenyl propionate and cis-3-hexenyl butyrate are all larger than that of cis-3-hexen-1-ol, which is the result that the alkyl group in ester group weakens the electron withdrawing effect of the ester group.
Atmospheric implications
The atmospheric implications of this work can be analyzed through comparison of the lifetimes of the cis-3-hexenyl esters with respect to reaction with the main atmospheric oxidants, represents the concentration of the oxidant and k is the corresponding rate constant. Rate constants for these reactions are correlated with the highest occupied molecular orbital (HOMO) energies of the unsaturated VOCs. 53, 54 Thus, the rate constants without reported experimental values were estimated using their HOMO energies which were calculated at the HF/6-31G** level of theory using the Gaussian 09 program and listed in Table S1 . † The obtained rate constants for these cis-3-hexenyl esters and the calculated lifetimes are summarized in Table 2 .
It is clear from Table 2 that reactions with OH, NO 3 radicals and O 3 should all play important role in the atmospheric removal of the studied cis-3-hexenyl esters. Lifetimes estimated for these esters are all in the range of a few hours, which means that these esters are likely to be rapidly removed in the vicinity of their emission source. In the daytime, OH radical plays a major role; in the night, NO 3 radical becomes the main ) for the cis-3-hexenyl formate ozonolysis. oxidant for these esters; while ozone can compete with them either day or night. The contribution of Cl atoms seems small. However, due to their high reaction rate, it may be signicant in areas with high chlorine atom concentrations, such as coastal areas and some mid-continental polluted areas. [60] [61] [62] Other possible removal processes for these esters, such as photolysis, dry and wet depositions, could be considered negligible, since they do not absorb radiation in the actinic region, and are highly volatile and insoluble in water. 63 It should be noted that the ozone concentration used in Table 2 is only the background concentration (28 ppb) in the remote region, where O 3 reactions have already been comparable to the reaction with OH and NO 3 radicals. In some urban areas, ozone concentrations frequently exceed 120 ppb and are even much higher. 64, 65 In this case, the reaction with ozone will become the most important degradation pathway of these unsaturated esters in the atmosphere.
Reactions of these unsaturated esters with ozone are expected to produce some carbonyl compounds (such as aldehydes, ketones or esters) and some organic nitrates, which could further be subject to reaction with OH or photolysis, contributing to the formation of secondary organic aerosol (SOA) or photochemical smog. Therefore, further studies should be conducted on the product distribution of these reactions and their contribution to the formation of SOA. In addition, for reactions with OH, NO 3 radicals and Cl atoms, both theoretical and experimental studies are still necessary to obtain their accurate rate constants and to reevaluate the atmospheric implications of these reactions.
Conclusions
In summary, the rate constants of the reactions of O 3 with four cis-3-hexenyl esters and isoprene were measured using absolute method in a laminar ow reactor. The results of isoprene and cis-3-hexenyl acetate showed very good agreement with the literature data, indicating the reliability of this reactor in the kinetic study. To the best of our knowledge, it was the rst kinetic study for the O 3 reactions with cis-3-hexenyl formate, cis-3-hexenyl propionate and cis-3-hexenyl butyrate. Theoretical calculations were also performed to better understand the kinetics and the mechanism of the title reactions. The results showed that reactions of these unsaturated esters with O 3 are slower than their corresponding parent alkene because of the electron-withdrawing effect of the -OC(O) R function group, and the extent of this effect was obviously dependent on the structure of the R group, as well as the relative distance between the double bond and the ester group. It can be found from the calculation of atmospheric lifetimes that reaction with O 3 is one of the most important removal pathways for these esters in the atmosphere. They are expected to have short atmospheric lifetimes due to their high reactivity with OH, NO 3 radicals and O 3 . Therefore, further research on the reaction products will be necessary to assess the effect of these reactions on regional pollution.
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